A B S T R A C T Affinity chromatography over bilirubinagarose and sulfobromophthalein (BSP)-agarose was used to isolate two proteins, with high affinities for bilirubin and BSP, respectively, from Triton X-100-solubilized rat liver plasma membranes. 
A B S T R A C T Affinity chromatography over bilirubinagarose and sulfobromophthalein (BSP)-agarose was used to isolate two proteins, with high affinities for bilirubin and BSP, respectively, from Triton X-100-solubilized rat liver plasma membranes. The protein eluted from either affinity column migrated as a single band of - 55 liver plasma membranes. Immunohistochemical studies revealed the presence of the antigen on all surface domains of rat hepatocytes, but not on other cell populations from normal rat liver. It was not found in other organs. These data are compatible with the hypothesis that a specific liver cell plasma membrane protein mediates the hepatocytic sequestration of bilirubin and BSP. INTRODUCTION The mechanisms by which low-molecular mass cholephilic anions, such as bilirubin and sulfobromophthalein (BSP)', cross the liver cell plasma membrane to enter the hepatocyte remain unclear. The kinetics of their hepatocellular uptake in vivo (1, 2) in the isolated, perfused rat liver (3) and in isolated rat hepatocytes (4, 5) suggest the existence of a plasma membrane-associated carrier-mediated transport system that is shared by these two compounds. Despite some evidence of overlapping specificities (5-7), this system is distinct from the principal bile acid transport mechanism (1, 8, 9) . Studies of rat liver plasma membranes (LPM) have demonstrated the specific binding of BSP to a high-affinity binding site (10) , and isolation of liver cell membrane proteins with high affinities for BSP and bilirubin has been reported by several groups (11) (12) (13) (14) . The present report describes further studies of a BSP-binding membrane protein from rat liver, and the use of a rabbit antibody to this protein to demonstrate both its identity to the bilirubin-binding protein described earlier (13) and its role in the specific binding of BSP and bilirubin to rat LPM. The distribution of this receptor protein was also studied by immunohistochemical techniques in isolated rat hepatocytes and in tissue sections from rat liver and various other organs. repurified by alumina column chromatography, recrystallization from chloroform/methanol (15) , and thin-layer chromatography (16) . The final product had a molar extinction coefficient in chloroform of 61,000 at 450 nm, yielded exclusively the ao-paraiodoaniline azopigment (17) , and migrated as a single band, which contained >96% of the applied radioactivity on thin-layer chromatography (18, 19) . Isomer analysis by thin-layer chromatography (16) and fluorography (20) (10) . In this procedure, membranes harvested at the 1.22-1.18 g/ml interface of the discontinuous sucrose gradient initially described by Song et al. (21) were further purified according to Fisher et al. (22) . Three to four LPM batches were pooled, and after protein determination (23) , samples containing 10 mg membrane protein were stored at -80°C until needed. Purity of the membrane preparations and contamination with other cell organelles were analyzed both by electron microscopy (24) and determination of marker enzymes for various subcellular fractions (10) . For electron microscopic assessment, samples were prepared and examined as previously described (10) . All interpretations were those of one of the authors (Dr. M. A. Gerber), an experienced electron microscopist. For enzymatic analysis, 5'-nucleotidase was assayed as a general marker for plasma membranes (25) ; glucagon-stimulated adenylate cyclase as a constituent of the sinusoidal region of the LPM (26) ; and glucose-6-phosphatase (27) and succinate dehydrogenase (28) (15, 000 g for 15 min), resuspension in PBS, and recentrifugation, as previously described (29, 30 Triton X-100 (1 ml/mg membrane protein). After centrifugation for 1 h at 100,000 g, detergent was removed from the supernatant by passage over a 135-ml bed volume of BioBeads SM-2 (Bio-Rad Laboratories, Richmond, CA) in a 1.3 X 100-cm column (Pharmacia Fine Chemicals) at a flow rate of 20 ml/h (13) . The protein extract was charged onto the previously prepared BSP-agarose or bilirubin-agarose columns. These were washed with PBS until no further protein (OD280) appeared in the washes. The BSP-agarose column was then eluted with 50 AM BSP, and the bilirubin-agarose column with 8 M urea. The eluates were dialyzed against 1 mM NaHCO3 (pH 7.6) and concentrated to 1 mg protein/ ml by ultrafiltration (Diaflow Membranes PM-2, Amicon Corp.). All of the above procedures were carried out at 40C. The bilirubin-agarose column was protected from light by an aluminum foil jacket throughout the procedure. Membrane proteins, which had not bound to the BSPagarose column, and which were recovered in the initial PBS washes, were repeatedly concentrated by ultrafiltration and passed over BSP-agarose, to ensure complete removal of any BSP-binding membrane protein. This mixture of miscellaneous membrane proteins, at a concentration of 1 mg/ml, was subsequently used for absorption of the antibody prepared against the BSP-binding protein (see below).
METHODS
Characterization of the BSP-and bilirubin-binding proteins. The protein composition of the eluates was initially studied after reduction with dithiothreitol by sodium dodecyl sulfate (SDS) gel electrophoresis on an 11% polyacrylamide gel. The protein recovered from the BSP-agarose column was also studied without prior reduction and in the absence of SDS on identical polyacrylamide gels (11%), as well as on polyacrylamide gradient gels (PAA 4/30, Pharmacia Fine Chemicals). It was also subjected to analytical isoelectric focusing in polyacrylamide slab gels (2117-Multiphor, LKB, Rockville, MD). The gels were stained with Coomassie Blue (32) to identify the position of the protein bands. Possible contamination of the BSP-and bilirubinbinding membrane proteins was investigated by double-radial immunodiffusion (33) The presence of lipid and carbohydrate components was examined by an agar diffusion technique on glass slides, using the Sudan black and periodic-acid Schiff (PAS) reagents, respectively (34) . In addition, the presence of sialic acid in the protein was detected and quantitated as the silylated derivative by chemical ionization mass spectrometry, using the technique of Roboz, Suzuki, and Bekesi (35 Immunohistochemical studies. The BSP-binding protein was localized in rat tissues by the indirect fluorescence antibody technique (37) , using either of the two absorbed rabbit antisera against the BSP-binding-protein as the primary antibody, and a fluorescein-conjugated sheep anti-rabbit gamma globulin (37) as the secondary probe. Acetone-fixed cryostat sections of snap frozen normal rat liver, kidney, and spleen, and unfixed viable hepatocytes in suspension, isolated mechanically (38) or by a collagenase technique (39) 
RESULTS
Characterization of LPM fractions. The isolated LPM fractions were similar to those utilized in previous studies (10, 29, 30) , and were enriched 25-fold in 5'-nucleotidase and 12-fold in glucagon-stimulated adenylate cyclase compared with the initial homogenate (Table I ). Contamination with microsomes or mitochondria was minimal, as assessed by both appropriate marker enzymes and electron microscopy. In randomly-selected electron micrographs, a homogeneous picture of membrane structures containing numerous vesicles of various sizes was seen. Very few tight junctions, typical of canalicular membrane, were observed, but small amounts of rough endoplasmic reticulum were seen in many of the pictures. LPM protein recovery averaged 0.23 mg/g wet wt of liver.
Binding of organic anions to LPM. [ dithiothreitol reduction, it again migrated as a single band (Fig. 2 B ). An apparent molecular mass of 100,000 D was estimated by electrophoresis of the native protein on a polyacrylamide gradient gel (Fig. 2 C) . Gel filtration of the BSP-binding protein on a calibrated column of Sephadex G-150 (Figs. 3 and 4) resulted in elution of a single protein peak corresponding to a molecular mass of 103,000 D. If SDS was added to the sample before chromatography, two peaks, at 106,000 and 56,000, were eluted. Both peaks cochromatographed with [35S]BSP.
The native dimeric BSP-binding protein had an isoelectric point of 3.5, and revealed positive staining with PAS. Mass spectrometry demonstrated the presence of sialic acid, at a ratio of 4 mol/mol of protein dimer. No lipid components were detectable with Sudan black. Absence of contamination with either albumin or ligandin was documented by radial immunodiffusion against antibodies to rat serum albumin and ligandin.
Characterization of rabbit antibodies against BSPbinding LPM protein. Whole immune sera from two rabbits repeatedly injected with BSP-binding protein produced a single precipitin line of identity between the purified bilirubin-and BSP-binding LPM proteins and the solubilized mixture of LPM proteins, but no reaction with rat ligandin, rat albumin, an oleate-binding protein isolated by affinity chromatography from LPM (29) , or concentrated rat bile (Fig. 5) . Some reactivity was also seen between whole rabbit immune sera and other, unidentified LPM components, but this was not observed with absorbed sera or with IgG fractions derived from them. (Fig. 6) . In incubations contain- Immunohistochemical studies. After incubation of normal rat liver sections with anti-BSP-binding protein, the plasma membrane of almost all hepatocytes was stained in a continuous linear or focally interrupted pattern (Fig. 7 A) . In both tissue sections and isolated hepatocyte preparations (Fig. 7 B) all three domains of hepatocellular surface membranes appeared to bind antibody, although in some tissue specimens, the reaction with bile canaliculi was stronger than with sinusoidal and intercellular (lateral) membranes. Central veins; Kupffer, endothelial, and other sinusoidal cells; and portal tracts were not stained in livers obtained from healthy rats. Rat livers obtained [4] [5] d after ligation of the common bile duct showed a similar staining pattern of hepatocytes. In addition, the apical portion of proliferating bile ductular epithelial cells showed definite staining (Fig. 7 C) . Absorption of the primary antibody with purified BSPbinding protein eliminated the staining of hepatocytes (Fig. 7 D) , whereas absorption with rat serum albumin or PBS containing BSP had no effect. Replacement of the primary antibody by normal rabbit serum or PBS also abolished the staining. Normal rat kidney and spleen did not show any specific fluorescence. carrier-mediated transport system (1) (2) (3) (4) (5) , and that, despite some overlap (5-7), a separate system may be primarily responsible for bile acid uptake (1, 8, 9) . The hepatocellular uptake mechanism for fatty acids is highly controversial, but at least some studies suggest that these, too, are sequestered by a saturable membrane-associated mechanism (46) . Since the first step in any membrane-associated carrier-mediated transport process involves binding to the carrier, several studies have focused on the binding of these anionic ligands to LPM, and attempts to identify and isolate putative receptors. The presence of a bile acid receptor in LPM preparations was proposed by Accatino and Simon (47) in 1974 on the basis of binding studies, and LPM proteins with high affinities for bile acids have subsequently been identified by photoaffinity labeling (48) . More recently, specific binding of oleate to LPM, and the isolation from LPM of a 40,000-D oleate-binding protein by affinity chromatography, have also been reported (29, 30) .
The isolation of BSP-and bilirubin-binding proteins from rat LPM by affinity chromatography was first reported in 1977 (11) . The protein isolated by its bilirubin affinity was shown to cochromatograph with [35S]BSP, and both proteins had a molecular mass of -60,000 D on SDS polyacrylamide gel electrophoresis (13) . Although it was therefore considered likely that they represented the same protein, this presumption was not firmly established until the present studies, documenting that the BSP-binding protein also has a high affinity for bilirubin, and that the two proteins expressed immunologic identity as well. The BSP/bilirubin receptor protein is now recognized to be a -100,000-D dimer composed of two noncovalently rubin explains the frequently reported mutual competitions between these two compounds for hepatic uptake (1) (2) (3) 49) . Specific antibody-mediated inhibition of the binding of BSP and bilirubin, but not taurocholate or oleate, to LPM supports the hypothesis that a shared uptake mechanism exists for the former two compounds, which is distinct from the mechanisms that transport the latter.
Other groups have also reported the isolation of rat liver BSP-and bilirubin-binding proteins, using alternative methodologies. Wolkoff and Chung (14) , in 1980, used photoaffinity labeling to identify the presence of such an LPM protein, estimated at 55,000 D by SDS-polyacrylamide gel electrophoresis, and designated it "organic anion-binding protein" (OABP). Although the reported isoelectric points of OABP and the BSP/bilirubin-binding protein described above differ, their similar anion-binding characteristics and migration on SDS polyacrylamide gel electrophoresis suggest that these are related, if not identical, proteins.
Further evidence for similarity derives from their identical sialic acid content, the 4 mol/mol of protein dimer reported above corresponding to the 2 mol/mol of 55,000-D subunit reported for OABP (14) . Finally, in preliminary experiments, an antibody to OABP cross-reacted with a sample of the intact, 105,000-D BSP/bilirubin-binding protein. 2 Tiribelli et al. (12) have described another BSPbinding protein, designated bilitranslocase. Initially isolated in the presence of deoxycholate, and reported to have a molecular mass of 170,000 D, omission of deoxycholate has subsequently led to a lower molecular mass estimate of -100,000 D (50) . The latter protein can be resolved by reduction and SDS into two nonidentical subunits, a (molecular mass 37,000 D) and # (molecular mass 35,500 D). An overall subunit composition a2f3 has been proposed (50) . Any relationship between bilitranslocase and the BSP/bilirubin receptor protein described above remains to be established.
Previous data suggest that the affinities of BSP and bilirubin for the BSP/bilirubin receptor protein are greater than their corresponding affinities for albumin and ligandin (13) . This study suggests that the protein is present on all three surface domains of the hepatocyte, but not in other cell populations within the normal liver, nor in kidney and spleen. All of these data point to a physiologic role for this protein in BSP and bilirubin transport. The significance of the unexpected and intriguing appearance of this protein on the luminal surface of obstructed bile ducts remains to be explored.
The precise contribution of the protein to organic anion transport remains to be determined, and several lines of investigation are indicated. Unfortunately, the obvious attempts to directly confirm its role in transport by antibody inhibition studies in both the isolated, perfused rat liver and in single cell suspensions of rat hepatocytes have been complicated by an apparent general cytotoxic effect of the antibodies thus far available. It is possible that this problem can be overcome by studies with isolated membrane vesicles (51) . In any case, it is not clear whether the presence of high affinity organic anion receptors on hepatocyte plasma membranes can account for the unexpectedly rapid dissociation of anion/albumin complexes observed in vivo (1-3, 8, 40, 41) , compared with dissociation rates observed in vitro (52) (53) (54) (55) . It has recently been proposed that this process is mediated by a separate albumin receptor (56, 57) . This issue is unresolved (30, 58) , but in view of the data presented above, confirmation of the existence of the albumin receptor would imply unique, two-receptor mechanisms for hepatocellular uptake of albumin-bound organic anions.
